Saxifraga hirculus is a postglacial relict in Central Europe, whose populations suffered a dramatic decrease in the 19 th and 20 th centuries. However, few researchers have been interested in its ecological requirements in Central Europe. This article synthesizes previous knowledge supplemented by original data from the last large population (Switzerland).
Introduction
Saxifraga hirculus L. is a perennial herbaceous plant of mires and various types of tundra. It has an important clonal reproduction with leafy runners able to root (Olesen and Warncke, 1990) . Pollinisation of flowers is realized by a large spectrum of insects, mainly Diptera (Olesen and Warncke, 1989; Warncke et al., 1993) . It has a circumpolar distribution, with a Central Asiatic origin and an Arctic-Boreal distribution (Hedberg, 1992) . Four subspecies have been described around the world, with chromosome numbers of 2n = 16 , 24 or 32 (Hedberg, 1992) . In continental Europe, only S. hirculus subsp. hirculus (2n = 32) is present, with an scattered distribution (Fig. 1) . However, it is very rare and endangered in Central and Western Europe, and rare in Scandinavia (Käsermann and Moser, 1999) . Five stands exist in Ireland (Lockart, 1989) , five in Scotland (Welch, 2002 and pers. comm.) , it is very restricted in England but with large populations (NBN Gateway), there are 15 stands in Denmark (Dahlgaard and Warncke, 1994) , about 100 in Poland, mainly in north, considered as vulnerable in Rumania (Boscaiu et al., 1994) , two stands in France, with less than 100 plants altogether (Dehondt and Ferrez, 2004) , and one in Switzerland with more than 10000 flowers in 1992 (Warncke et al., 1993) . The species is now protected by the European Habitats Directive and the Bern Convention. Hedberg (1992) for Romania and NorthEastern Europe, Stenberg and Mossberg (2003) for Scandinavia and Iceland, NBN Gateway for United Kingdom. 8 Localization of the populations in the Jura Mountains (Switzerland and France).
This scattered distribution in Central Europe results from a strong decrease in European populations. It has disappeared from Austria, the Netherlands (Derron, pers. comm.), from the Polish Tatra Mountains in the 1960s (Mirkowa, pers. comm.) and recently from Germany (Wagner, pers. comm.) , eleven stands were lost in Scotland (Welch, 2002) , five stands in France (Olivier et al., 1995) and 26 in Switzerland (Käsermann and Moser, 1999) . Exploitation, turf extraction and drainage of wetlands are generally considered as the main cause of disappearance (Warncke, 1980; Lockhart, 1989; Welch, 1996; Käsermann and Moser, 1999) . As a glacial relict, the plant was always rare in Central Europe, and gathering for herbarium is another cause (Käsermann and Moser, 1999) . Excessive trampling by cattle (Prost, pers. comm.) and intensive grazing by sheep (Welch, 1996) are sometimes considered as a threat. Despite different studies on the ecological requirements of S. hirculus in Europe (e.g. Welch, 1970; Ohlson, 1986 Ohlson, , 1988b Lockhart, 1989; Welch, 1996) , none has done soil descriptions and a synthesis is missing for an efficient conservation (Heywood and Iriondo 2003) . This is even more necessary now as the present fragmented distribution of the species adds to the risk of local extinction (Lienert et al., 2002) .
The last Swiss population, in the Jura Mountains, is very important to conserve, as it is by far the largest in Central Europe. No threat is presently known and the population seems to increase slightly. By its importance and good condition, this population is ideal to study ecological requirements of S. hirculus in order to find suitable wetlands for potential reintroductions.
This study aims (1) to synthesise ecological data about S. hirculus in Europe, (2) to get a comprehensive understanding of its ecology in the Jura Mountains (plant communities, importance of the microtopography, soil conditions), (3) to suggest management of the remaining populations and to have the necessary knowledge to find wetlands suitable for new introductions.
Material and method

Study sites in the Jura Mountains
The wetland Sèche de Gimel is located in the Jura Mountains, in western Switzerland (46° 33' N, 6° 14' E), 1310 m asl (Fig. 1) . Annual rainfall is 1630 mm, with a regular distribution through the year, and about 140 days of snow on the ground. Mean temperature is 3.5° C, with 120-135 days of vegetation growth. The wetland lays in a small valley within a limestone geological context. Being 750 m long and 150 m broad, it offers a large diversity of ecological conditions. It is limited by small limestone cliffs on the north, with basic rich fen at the bottom, and watered by springs from the surroundings pastures on the south-eastern side, with mesotrophic to eutrophic fen close to the mouth. A small raised bog has developed at the south. Different intermediate ecological conditions are met between these poles (Christe et al., 1990) . Dolines on the western side and a light slope (0.3 %) drain the marsh. The site has been visited by botanists for a long time (e.g. Durand and Pittier, 1882 ), but we do not have any reliable data on the previous abundance of S. hirculus. The site is known for other rare postglacial relicts in Central Europe such as Carex heleonastes and the bryophytes Paludella squarrosa and Meesia triquetra .
The wetland is situated in the middle of wooded pastures, grazed by young bovines between June and September. They generally start to feed in the wetland in July or August, when grass gets shorter in the surrounding meadows. No precise historical data exists about the exploitation of this pasture, but we know that the valley was already grazed in 12 th century (Badel-Grau, 1900 ) and exploitation has never stopped since, with an intensive use of the forests and pastures between the 17 th and 19 th centuries (Rochat, 1995) .
The other Jura populations of S. hirculus are in France. Frasne is a poor fen, 830 m asl, with about 50 to 70 plants (Ferrez et al., 2001 ; trampling and grazing were important (Prost, pers. comm), but conservation actions started recently (Dehondt and Ferrez, 2004) . Les Pontets is a protected raised bog, 1000 m asl, with 5-10 plants. Le Bélieu (890 m asl) had a couple of plants, but nobody could find them recently (Dehondt and Ferrez, 2004) .
The species composition of the stands in the Jura Mountains were compared with personal or previously published, phytosociological relevés (Braun-Blanquet, 1964) .
Hydrology, microtopography and rooting
Water-level fluctuations in summer were studied with a device of seven piezometers in the wetland Sèche de Gimel, each in an important group of S. hirculus. The level was recorded about every week during the growing and flowering time (from 19.5.2004 to 9.8.2004 ) and once a month later, up to 27.10.2004. An automatic limnigraph recorded continuously water level and temperature (70 cm deep) for two months (26.5.2004-20.7.2004 ).
This wetland has a complex microtopography, with a succession of small mounds created by mosses (Fig. 2) . In order to study the repartition of S. hirculus in relation with this topography, six 10 m-transects were sampled through dense populations of S. hirculus. Every transect ran next to a piezometer. A 2 m-rigid rod was maintained perfectly horizontal above the ground and we measured every 5 cm the distance to the ground and recorded the closest species (Fig. 2) . When the water table was visible in a hollow, we measured its distance to the rod. This was repeated 5 times for every transect, without changing the height of the rod. The extremities of these transects were permanently marked and will serve for future population monitoring. From the different measures of water level along the transect, a regression line was calculated and corrected to the mean water level measured in the piezometer (we assumed that the water level changed identically along one transect). We used this level as a reference for the transect to calculate the position of every species to the mean water level (Fig. 2) . In order to study if the shape of the soil surface influences the distribution of S. hirculus, a convexity index was calculated for each point as the difference between its height and the mean height of the previous and next points. This index is positive if the surface is convex, negative if concave and null otherwise.
Two small blocks of peat with a few individuals of S. hirculus were cut and cautiously dismantled by avoiding moving the roots to examine the roots position and spread.
Soil descriptions
The soils were described by five auger cores. In the laboratory, each horizon was subject to the following analyses: (1) water content at 105 °C; (2) loss on ignition at 600 °C (an estimate of the rate of organic matter in peaty soils; Baize and Girard, 1995) ; (3) granulometric fractionation by wet sieving at 2000, 200, and 50 µm (Gobat et al., 1991) to deduce fibres (> 200 µm) content (Bascomb et al., 1977) , and thus the types of horizons H (AFES, 1998); (4) water pH, and KCl pH; (5) index with sodium pyrophosphate: alkaline extraction by Na 4 P 2 O 7 and measurement of the absorbance at 550 nm (an estimate of the degree of humification of the peat; Kaila, 1956 ).
European data and statistical analyses
From previous articles and personal contacts, we got botanical relevés and ecological data on S. hirculus populations from Great Britain, Denmark and Finland. This species was not always the main topic of the research (appendix 1). Species composition of the different European regions was compared with a synoptic table, where each region is represented by one column and species by its frequency in the relevés of the region.
Botanical relevés and species were sorted with cluster analyses in order to look for common and differential species between regions in Europe and between wetlands in the Jura Mountains (software MULVA-5, Wildi and Orloci, 1996 , with all vascular species, weighting on frequency or abundance, Van der Maarel coefficient and minimum variance clustering). Bryophytes were eliminated for these analyses, because they were not considered by all the authors, but were added again in the final table.
A synthesis of the ecology of S. hirculus was established on the basis of information provided by 21 articles and reports. With the exception of Warncke (1980) and Ohlson (1986) , the data are very specific in general. They relate to five fields: hydrology, soil science, climatology, the role of domestic or wild herbivores, as well as that of man. Unfortunately, the heterogeneity of the data does not allow for any statistical comparison.
Results
Ecological and soil descriptors in Europe
S. hirculus needs sunny conditions Olesen and Warncke, 1990) . The air temperature does not seen important, but cold water is more favourable (Gillet, 1982; Ohlson, 1986) . Warncke (1980) measures a maximum water temperature between 12 and 14 °C in August (measurements made 25 cm under the surface of the water). The macroclimate is fresh and humid, as shown by the area of general distribution.
The influence of cattle is divided into three degrees of intensity. The absence of grazing is considered negatively (Welch and Rawes, 1964; Ohlson, 1989b) : the increase in the height and biomass of the vegetation that is no longer grazed, combined with the progressive return of woody plants, decreases light availability (Welch, 1996) . A weak to moderate grazing is regarded as positive, by the creation of gaps in the vegetation and the contribution of light up to the surface of the soil (Welch, 1970) . On the other hand, intense grazing is considered negatively, either by bovines or sheep (Kelly, pers. comm.; Ferrez et al., 2004) . Olesen and Warncke (1990) announced that wild herbivores contribute to dissemination of seeds of S. hirculus. The rarity of these mammals could be one of the causes of the reduction in S. hirculus.
The soil cover generally consists of bryophytes (Gillet, 1982; Lockhart, 1989; Olesen and Warncke, 1990) . S. hirculus roots in a kind of superficial "mossy bed", whose loose structure facilitates the lateral circulation of water.
A water table very close to the surface is a fundamental condition for S. hirculus. The soil is described as very wet to saturated (Welch, 1970; Rosskopf, 1971; Gillet, 1982) . Warncke (1980) measured the mean depth of the water table as between 3.2 and 10.4 cm in different spring fens where this species was present and Ohlson (1986) reported a mean water table of 14-20 cm for the highest density of S. hirculus along a gradient. Water is flowing, sometimes weakly, along a small slopes or from a spring Welch, 1970; Gillet, 1982; Lockhart, 1989; Kelly, pers. comm.) . This circulation guarantees good oxygenation. Warncke 6 (1980) and Ohlson (1986) observed that fluctuations of the water table were low (respectively 7.0-15.5 cm in different populations and about 15 cm).
In these very wet soils, the chemical quality of the water is a good indicator of the edaphic conditions. The pH levels are neutral or slightly acid (Table 1 ) and the electric conductivity reflects a broad range between fresh waters typical of the raised bogs, and alkaline waters loaded with CaCO 3 . There is a large range of concentration for different minerals, especially Ca. S. hirculus appears thus stenoïc compared to the hydric regime and rather euryoïc compared to the chemistry of the water chemistry. Ohlson (1988b;  soils data between 1-6 cm and plant data from the leaves, *for extractable concentrations of the elements), 6 Lockhart (1989), 7 Högbom and Ohlson (1991) . The presence of peat is noted in all localities (e.g. Gillet, 1982; Ohlson, 1986; Lockhart, 1989) . Paradoxically, there is no study of its quality (fibres, degree of decomposition, etc). Its depth ranges between 1.5 and 4.5 m (Warncke, 1980; Ohlson, 1986 Ohlson, , 1988a , but it does not seem to be determining. The organic matter of the soil is never studied.
The trophic level of the soils (contents of N, P and K) is extremely variable, considered as oligotrophic Welch, 1970) to eutrophic (Ruuhijäri, 1960; Ohlson, 1986) , with an optimum given as mesotrophic (Welch, 1970; Gillet, 1982; Ohlson, 1986) . This broad range is confirmed by the measured values for soil extractable pools of NH 4 and PO 4 ( Table  1 ). The degree of minerotrophy is in conformity with values for histosols, with ash between 6.6 and 10.4 % (Ohlson, 1986) . One can particularly observe a large variability of Ca content, sometimes over short distances (Ohlson, 1986) , and an accumulation of K in the top layer (Damman, 1978; Warncke, 1980; Gobat, 1984; Ohlson, 1988b) . The optimum soil pH for S. hirculus is uncertain as only one value was published (Table 1 ).
The quality of the subjacent rock does not play any part, since limestone or crystalline subsoils are found (Warncke, 1980; Gillet, 1982; Lockhart, 1989) . However, substrates rich in metals (Fe, Mn, Zn) may be limiting as the species seems to have a low resistance to them. It probably possesses an effective avoidance mechanisms to reduce heavy metal uptake, as shown by very low concentrations of Fe, Mn and Zn in leaves (Table 1; Ohlson, 1988b) . (Frahm and Frey, 1983) , with a preference for base-rich wetlands for Calliergonella cuspidata, Bryum pseudotriquetrum, Homalothecium nitens or Drepanocladus revolvens (Smith, 1978; Geissler pers. comm) .
Many species are present only in one European site, generally with a quite low frequency ( R e l e v e n u m b e r 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2 The Jura Mountains data gather twenty-two floristic relevés from the four last populations ( 
Hydrology, microtopography and rooting in Sèche de Gimel
The mean level of the water table lay between 5.6 and 14.1 cm in depth, showing a certain homogeneity of general hydrous conditions (Table 4 ). The populations of S. hirculus were almost never flooded, in spite of a water table potentially very close to the surface (highest levels between 0.5 cm above soil-level and 5.5 cm in depth). On the other hand, in the extreme case, the water table went down to 37.5 cm. This lowering was however only of short duration in 2004 (Fig. 3) . The uninterrupted measures by the limnigraph confirmed the weak variations of the water table. Rain rather quickly raises its level, which then recedes slowly. Table 3 ).
The temperature of the water, measured at 70 cm in depth, increased gradually by 8.6 to 12.6 °C between May 26 and July 9, to stabilize between 12.1 and 12.6 °C until the end of measurements on July 20, 2004.
The measures along transects indicated that S. hirculus has an optimal distance of 8 to 14 cm from the mean water level (mean 10.9 ± 3.2 cm, n = 181; Fig. 4 ). However, it is able to grow closer or farther from the water, with extreme limits at 1.3 and 19.0 cm. These values are significantly different form the values for the whole measures along transects (mean 9.5 ± 4.4 cm, n = 1206, p = 0.0001 with a Wilcoxon Rank Test). The shape of the soil surface influences slightly the distribution of S. hirculus as well. Convexity is a little higher for this species (mean 0.24 ± 0.93, n = 181) than for the whole transects (mean 0.01 ± 1.21, n = 1188), but the difference is little significant (p = 0.0118). The species has a small preference for mounds, probably for the ideal distance to water table that they offer. Roots of the two samples of S. hirculus had a striking horizontal distribution, only 1-3 cm under the soil surface, set at the limit between living (green) and dead (brown) bryophytes (Fig. 5) . Such distribution is frequent by wetland plants, with roots avoiding the water table (Polomski and Kuhn, 1998) , but the plants stay most of the time in a wet environment due to water capillarity. Senn-Irlet (pers. comm.) did not find any mycorrhizas on this species.
Soil descriptions in Sèche de Gimel
The five soil samples consisted of fairly thick peat. The horizon C was only reached once at less than one meter of depth, but the peats were often enriched by clay from 40 to 60 cm (Table 5) . Four soils were characterized by prevalent Hm horizons (mesic histosols) and one by prevalent Hf horizons (fibric histosol). All however comprised horizons of the other type, indicating somewhat changing conditions on the site, but without general direction. Three of the mesic histosols were fibric on the surface, proving current peat formation.
Although very peaty, these soils were different from typical histosols in raised bogs, and in particular from that in Sèche de Gimel which is thicker and formed of Sphagnum peat for more than 2 meters in depth (Wegmüller, 1966) . Several characters reflect their ecotonal situation between the peat bog itself and the fen, or the surrounding meadows (Table 5) : apparently illogical superposition of horizons with peat of different quality (bryophytes, sedges, rhizomes), illustrating the "moving" soil conditions of this zone of transition; deep horizons mixed with clay within horizons of anmoor, which is typical of soils located on the edge of peat bogs in the Jura Mountains (Gobat, 1984) ; fibres content does not decrease gradually with the depth, as often observed in stable raised bogs; pyrophosphate index of biochemical decomposition is on average higher than that of the acid peat bogs; water pH is neutral to slightly alkaline; KCl pH is slightly acidic, translating the strong proportion of organic acids of the peat, rather well humified (cf. pyrophosphate index). 
Discussion
Ecological conditions and competition
The data collected in the literature and our results give a more precise picture of the ideal ecological conditions for Saxifraga hirculus. The species frequently found with S. hirculus (Table 2 and 3) indicate together wet to very wet conditions, a mesotrophic soil, neutral to slightly acid, with some species which prefer base-rich water (Oberdorfer, 1990) . The sometimes-encountered heterogeneous composition, a mixture of wetland and pastures species, can be explained by the influence of the frequent grazing (Denmark, Scotland, Switzerland) and the microtopography giving very wet and drier conditions only a few centimetres apart.
Roots and growth conditions indicate that a good availability of oxygen is an important factor. Although growing in a wet environment, with a stable water table close to the soil surface, S.
hirculus is sensitive to water and develops its roots in order to avoid it (Fig. 5) . It grows in loose, mesic or more often fibric peat, with running water, generally along springs water Warncke, 1980; Ohlson, 1986) or close to the drains in the wetland Sèche de Gimel (Vittoz, 1997) . This water circulation assures a good oxygen supply, and its relatively low temperature (12-14 °C; Warncke, 1980 and the present study) implies a high oxygen content. According to Larcher (2003) , oxygen solubilization at 10 °C attains 356 µM, and only 291 µM at 20 °C. Moreover, the loosely structured peat may contribute to a constant, high water table by shrinking in dry periods (de Mars et al., 1997) . S. hirculus is mainly a weak competitive species growing generally in grass layer with open cover (Table 3, Rosskopf, 1971) . Olesen and Warncke (1990) showed that seed germination was favoured by high light intensity. In a fence experiment, the species disappears after the end of grazing because of the dense and high surrounding grasses (Welch and Rawes, 1964) and a reduction of flowering ramets was observed in habitats characterized by expansion of woody species after abandonment of haymaking and grazing (Ohlson, 1989b) . Its small leaves, only a few centimetres above the ground, are unable to compete in fens with dense Carex populations. Thus, the saxifrage finds its good conditions on bryophytes carpets, 8 to 14 cm above the mean water table (Fig. 4 ; Warncke, 1980; Ohlson, 1986) . If the water table is lower (except during short periods), the competition with other species increases. If the water table is higher, it is submerged and dies (Welch, 2002) , or competition with Sphagnum is enhanced (Grosvernier et al., 1997) . Seedlings seem particularly sensitive to the risks of drought or submersion (Welch, pers. comm) . The optimal conditions can be maintained only with small fluctuations of the water level, probably lower than ± 10 cm around the mean. These conditions are frequent along streams depending on small springs (Ohlson, 1986) , but are less common in wetlands depending on a water table. Low summer temperatures and frequent precipitations like in the Jura Mountains, Great Britain and Scandinavia (Walter and Lieth, 1967) avoid long droughts, and an effective evacuation of water from the wetland (light slope) is important to avoid long flooding.
This weak ability of S. hirculus to compete with other species is visible in its nutrient status as well. It grows in a wide range of N, P and K conditions, although there is no correlation between the concentration of these nutrients in plants and in peat (Table 1; Ohlson, 1988b) . It means that it has a good ability to regulate its nutrient concentration in changing conditions but it is probably not able to take advantage of rich conditions for a better growth. Wassen et al. (2005) showed that this species is one of the few endangered wetland plants to grow mostly in N-limited conditions. We can hypothesize that S. hirculus development among sedges like C. rostrata is facilitated in conditions with nitrogen deficit: Carex rostrata growth is limited when S. hirculus takes advantage of its higher capacity to use nitrate as source of nitrogen (Hogböm and Ohlson, 1991) . Conversely, with higher nitrogen availability, the saxifrage may be outcompeted for light by taller species.
Spring fens with peat seem to produce the optimal ecological conditions for S. hirculus and offer stable conditions (Warncke, 1980) . Most of North European populations grow in such fens. However, they are very rare in Central Europe mountains. The slopes are generally too steep, and the calcium content of the water is too high in limestone context (Jura and large parts of the Alps) to have peat accumulation. Tufa formation (mineral accumulation with specific bryophytes) is thus much more common. The rare ideal situations have a very limited extent among grazed pastures and have been degraded by trampling for a long time. The saxifrage has to find similar conditions in wetlands to survive in Central Europe.
Basic fens dynamics in the Jura Mountains and cattle influence
In the humid conditions of the Jura Mountains, wetland has a natural dynamics from rich fen to raised bogs, which may be unfavourable to Saxifraga hirculus and could force its extinction. Gillet (1982) described in the Jura Mountains a plant community, SphagnoCaricetum dioicae, as the transition between the basic rich fens and the raised bogs, with three stages of development: (1) bryophytes low mounds (e.g. Homalothecium nitens, Climacium dendroides, Aulacomnium palustre, Drepanocladus revolvens), with a pH around 6; (2) colonization of the mounds by basic fens peat moss (Sphagnum teres, S. warnstrofii) which raise and enlarge the mounds and decrease nutrients and pH below 5; (3) the mounds merge each other and colonization of raised bog peat moss (Sphagnum magellanicum), with a pH around 3.5. A similar succession was observed in Poland by Wassen and Joosten (1996) . S. hirculus has its optimum in the first stage of the development, before the colonization by peat moss (Gillet, 1982) , that it seems to avoid. In Sèche de Gimel, it rarely grows in Sphagnum patches, although they are common, and it has recently disappeared from Le Bélieu, where it grew in Sphagnum warnstorfii stands (relevés 21 and 22 in Table 3 ; Dehondt and Ferrez, 2004 ). Ohlson's results (1986) also show that S. hirculus is less common when S. warnstorfii dominates the moss layer. The low pH and the competition for nutrients may be responsible, but Welch (2002) observed S. warnstorfii overtopping young transplanted rosettes of saxifrage. Clymo and Reddaway (1974) measured a 2-3 cm year -1 growth for Sphagnum stems, enough to overtop and shade young rosettes of S. hirculus (Welch, 2002) . The low resistance of S. hirculus to heavy metals may be another reason to explain its decrease in low pH-conditions (Ohlson, 1988b) . Different factors may limit the development of competitive species and minimise peat formation. One of these is the good oxygenation of the water which allows considerable biological activity and thus slows down peat formation. In the wetland Sèche de Gimel, cattle are certainly important. They graze a part of the competitive grasses (Welch and Rawes, 1964; Ausden et al., 2005) and the trampling regularly packs the soil surface and limits Sphagnum growth ( Fig. 2 ; Arnesen, 1999; Wahren et al., 2001 ). This stops the natural succession to raised bog. The saxifrage may locally suffer damages, but the runners help to repair them and allow the colonization of the newly restored areas. Moreover, the disturbed areas (bare peat) are favourable for seedlings (Ohlson, 1986 (Ohlson, , 1989a , and Olesen and Warncke (1990) suggested that dispersion is naturally made by large mammals (e.g. deer, buffalo) when they wallow in grass or unwillingly eat the seeds. However, with a high level of grazing, disturbances are too severe for the saxifrage: trampling damages are higher than recolonization, grazing of flowers before maturity impends sexual reproduction , destruction of bryiophytes' bed limits its growth and there is a increased competition with species favoured by cowpats or mineralization of bare peat which liberates nitrate. This delicate balance between cattle grazing and Saxifraga development seems to be visible in palynological data from Sèche de Gimel (Sjögren, in press ): its presence increased around AD 1100 in a period of increasing use of pasturelands but decreased around AD 1700, perhaps suffering from augmentation of cattle numbers and deforestation, possibly with draining of the mire. After this last change, the peat became more decomposed.
These results suggest changing conditions in the wetland through the centuries under natural or anthropic influences. Peat profiles showed a succession of different qualities (Table 5) , and microtopography fluctuations were already observed in other peat bogs (Tüxen, 1976) : mounds grow and disappear, changing the growth conditions for plants. It is probable that S. hirculus has been moving on the wetland for a long time, and will carry on as long as changes are not quicker than its ability to colonize new sites. We can hypothesize that peat development or too quick changes were responsible for the extinction of the species in some still-existing wetlands.
Conservation of Saxifraga hirculus and restoration of populations
S. hirculus has a narrow niche-breadth, and the potential sites for its growth are very limited in Central Europe. However, an adequate management may maintain, improve or create ideal conditions for this species. We suggest four types: cattle grazing, mowing, re-introduction and substrate management.
In the wetland Sèche de Gimel, cattle grazing conserved S. hirculus. The pressure must be appropriately chosen. If it remains weak to moderate, the pasture does not receive too much nitrogen from the faeces and trampling damage is limited. We unfortunately lack historical data in Sèche de Gimel or experiments in other places to estimate the adequate pressure. Presently, about 40 calves and 65 heifers are grazing 141 hectares of pastures in summer (but milk cows grazed previously). This corresponds to about 0.5 adult bovine-unit ha -1 for 140 days every year. However the wetlands represent only 8.5 % of the total area. The pressure on the wetland may temporally increase in dry years, when available grass is less sufficient in the surroundings pastures, as observed in Frasne in 2003 . The conditions seems to be adequate in Sèche de Gimel where a high density population is observed in a site regularly used by cattle and a high genetic diversity was observed in the whole population (Freymond, 1999) .
The mowing of wetlands seems to be another way to preserve S. hirculus population. Ohlson (1986) suggested that one Swedish population increased in a period when haymacking eliminated ligneous species and hummock-forming mosses (Sphagnum sp.) from a fen, and its occurrences often declined where formerly-mown marshlands were abandoned (Ohlson, 1989b) .
Successful trials in botanical gardens proved that re-introduction is possible. Capsules are ripe in September in the Jura Mountains, seeds germinate easily (Olesen and Warncke, 1990; Welch, 2002) , although depending on their origin (Ohlson, 1989a) . Germination is possible after pre-chilling of seeds in refrigerator during winter and use of a mixture of peat or compost with siliceous sand and gravel (Moret, pers. comm.) . In Central Europe, the simultaneous presence of Potentilla palustris, Caltha palustris, Valeriana dioica, Menyanthes trifoliata, Carex diandra, Carex rostrata and Carex nigra may help to recognize potential sites. But other characteristics described above are important as well. Indoor germination and transplant of seedlings were made in Scotland with a quite good success (Welch, 2002) .
Finally, it would also be necessary to consider the management of the soil substrate. It is a question of supporting ecotonal situations in which a growth of fibrous peat is effective (water table close to the surface), but where it is slowed down by constraints such as a neutral pH, no Sphagnum species, or a moderate decomposition of the peat due to well oxygenated water. This "pedological" management is particularly interesting in two cases: (1) an "intermediate" phytosociological context (poor fen from Caricion lasiocarpae for example), where it is necessary to take care of the maintenance of current conditions, or to even try to extend them laterally; (2) a revitalization of edges of peat bogs (former pits of exploitation), where it would often be necessary to recreate a water current, if too stagnant in the ditches. Such management has never been tested as far as we know.
None of these four types of management guarantees, alone, the conservation of the species. The ideal is to be able to combine several of them according to local conditions. It is also obviously necessary that the general ecological context remains favourable (climate, neighbouring vegetation, human pressure, etc).
Conclusion
This research integrates original results with literature and gives the most complete portrait, as far as we know, of the ecology of Saxifraga hirculus. It is thus a solid basis for its conservation in Central Europe. The phytosociological and pedological study in Sèche de Gimel (Swiss Jura Mountains), in comparison with the descriptions of other European populations, showed that this wetland presents very good conditions to conserve this species.
S. hirculus needs a low competition from sedges and peat bog mosses to grow. This can be achieved in natural conditions by a stable water table close to the soil surface, with running, cold water, a neutral to slightly acid pH, and a nitrogen deficit. It disappeared mainly following the destruction of its habitats, but natural succession may be unfavourable as well. In many populations, especially in Central Europe, its survival seems to depend on a moderate grazing or mowing to limit competition. However, sites with appropriate ecological conditions are rare. An optimal substrate management, based on present knowledge, could improve the conditions in little adequate situations and facilitate introduction.
Future researches around S. hirculus ought to improve knowledge on the influences of cattle grazing (optimal pressure), to select adequate sites for re-introduction and to monitor the large Swiss population in order to react early enough if problems arise. Climate change and nitrogen atmospheric pollution, which may increase competition of surrounding species or allows the colonization of new competitive species, could be a new challenge for S. hirculus conservation.
